ABSTRACT
INTRODUCTION
Ferromagnetic shape memory (FMSM) alloys are being increasingly used as active materials for smart devices as sensors, actuators and transducers. Their superiority over the conventional materials emerges from an optimal combination of work output and response time for the devices 1 . Alloys based on Heusler Ni 2 MnGa compositions have shown large magnetic field-induced strains of magnitude 6-10 per cent at room temperature [2] [3] [4] [5] . The stoichiometric Ni 2 MnGa alloy has an L2 1 structure (space group Fm-3m) and undergoes a magnetic transition at 376 K and structural martensite transformation at 202 K to a martensite structure. The martensite phase stability is reported to be affected by the number of average valance electrons per atom or the electron-to-atom ratio (e/a ratio). For Ni-Fe-Mn-Ga alloys, the e/a ratio is estimated using number of valance electrons as 10, 8 , 7, 3 for each Ni, Fe, Mn and Ga atom, respectively 6 . Though Ni as well as Mn-rich off-stoichiometric ternary alloy compositions increase the martensite transformation temperatures 7, 8 , Mn-rich compositions with 5 or 7 layered modulated martensites structure and low detwining stresses are employed for FMSM applications 4, 9 . The Mn-substitution increases the martensite transformation temperatures; however, the Curie temperature is lowered 8 . Ternary Ni 50 Mn 30 Ga 20 (atom per cent) with an e/a ratio of 7.7 shows the maximum operating temperatures possible as martensite transformation temperatures approach Curie temperature 10 . The x-ray diffraction studies in Ni 1.95 Mn 1.19 Ga 0.86 have shown that excess Mn atoms occupy the Ga-sites of stoichiometric structure. Further alloy modifications within the vicinity of the e/a ratio of 7.7 are investigated to improve properties without affecting the stability of martensite phase. Small additions of Fe are reported to lower the martensite transformation temperatures in Ni-Mn-Ga alloys 11 . The relatively poor mechanical properties of the ternary Ni-Mn-Ga alloys are however improved by quaternary Fe addition 12 . The Fe-containing Ni-Mn-Ga quaternary alloys have been investigated with low Fe-additions 11 as well as with large additions as intermediate compositions between Ni 2 MnGa and other Heusler compositions 6 . A single-phase structure with Fe within the solid solution has normally been reported in these studies. Mössbaeur spectroscopy has been employed to investigate Fe atomic sites in Ni 2 MnGa alloys using 57 Fe spectrum. The presence of Fe atoms at the Ni, Mn as well as Ga sites in ferromagnetic Ni 2 MnGa with magnetic hyperfine field values of 8.6 T, 14.6 T and 14.5 T, respectively have been reported 13 . The Mössbaeur spectrum for the Ni 40 Fe 10 Mn 30 Ga 20 alloy has shown a low Mössbauer absorption of about 1.5 per cent and the presence of an additional paramagnetic doublet with the ferromagnetic spectrum of a sextet 6 . The paramagnetic state of a phase in structurally single-phase ferromagnetic alloys has not been investigated in detail. Other Heusler alloys containing Fe have similarly been investigated for Fe-site occupancy with paramagnetic spectra [14] [15] [16] . The present study was undertaken to investigate the effect of the substituting Fe atom, over a composition range as Ni-Fe-Mn-Ga quaternary alloys, on structural and magnetic transitions in these alloys and to correlate the atomic and magnetic structure of these alloys. Alloy compositions Ni 50 Fe x Mn 30-x Ga 20 (x = 2.5, 5 and 15 atom per cent) were chosen in view of an earlier report 6 that Fe atoms preferred manganese sites over nickel sites in the ordered structure. A Ni 45 Fe 5 Mn 30 Ga 20 was also investigated identically to understand the effect of low Fe replacement for Ni. The observed structural and magnetic transitions in these quaternary alloys are reported correlating the results to the site selection by Fe atoms.
EXPERIMENTAL
Ni-Fe-Mn-Ga alloys (50 g each) were prepared using high purity elements (99.9 per cent purity) in an argon atmosphere by repeated arc melting to ensure homogenisation. The as-cast alloys were cut, sealed in evacuated quartz ampoules, and heat-treated at 1273 K for 72 h and 1073 K for 48 h in a vacuum furnace and then water quenched. The compositions of the alloys were determined from different places of the ingots by inductively-coupled plasma-optical emission spectroscopy (ICP-OES), energy dispersive xray spectroscopy (EDS) and electron probe micro-analysis (EPMA) techniques.
The heat-treated samples were cut, mounted, and polished. The samples were lightly etched with Kalling's reagent (50 cc HCl + 50 cc Methanol+ 2-5 g CuCl 2 ) for microstructural examination. The microstructure of the alloys was observed using a Leo 440 scanning electron microscope. The x-ray diffraction patterns taken on a Philips PW1320 diffractometer with Cu-K á radiation were used to investigate the crystal structure of the phases present at room temperature. The transformation temperatures were measured using a modulated differential scanning calorimeter (DSC) model Q100 (make TA instruments) under a constant heating/cooling rate of 20 K/min. A vibrating sample magnetometer (ADE make EV9 Model) was used for thermomagnetic measurements and magnetic measurements up to 20 kOe at room temperature. Thermomagnetic measurements were carried out at different temperatures with a low bias magnetic field of 500 Oe. The temperature of sample in heating cycle was raised in steps and stabilised magnetisation at a specific temperature was measured before going to the next step. The discreet changes in magnetisation have been related to the structural and magnetic transitions. Mössbauer spectra were recorded on a FAST Comtech spectrometer using 57 Fe gamma ray source. The spectrometer was calibrated with natural iron foils (25 µm thick) prior to data collection for the spectrum. In view of low Mössbaeur fractions reported earlier for similar alloys 6, 17 , long time data acquisition was carried out for counts exceeding 8 x10 5 for each sample. The obtained spectra were analysed using PCMOS-II program using a line width of 0.35-0.40 mm/s. The isomer shifts are reported wrt natural iron.
Alloy Preparation
Alloys Figure 1 shows the back-scattered electron images of the alloys. Alloys 'A', 'B' and 'D' have single-phase structures, whereas a two-phase structure was noticed for alloy 'C'. The average composition of the two phases in alloy 'C' analysed by EPMA was found to be Ni 49 The x-ray diffractograms of the alloys obtained at a scan rate of 1°(2θ)/min are shown in Fig. 2(a) . While the diffractograms for the alloys 'B' and 'D' could be indexed to tetragonal martensite phase similar to those obtained for Ni-Mn-Ga alloys 18 , those for the alloys 'A' and 'C' have shown additional peaks. The additional reflections for the alloy "A" (marked as • in Fig. 2(a) ) disappear at higher Fe content. It may be noted that these reflection positions are nearer to super-lattice reflection positions of the parent austenite structure. In view of the two-phase structure of the alloy 'C', the diffractogram for the alloy 'C' has been indexed to a cubic austenite phase and unindexed second phase (marked as * in Fig. 2(a) ).
The (222) reflection of martensite phase splits in 2 or 3 peaks for chemically modulated super-period martensite 5M or 7M structures respectively. Additional peaks (marked by *) were noticed for single-phase alloys 'B'. Slower scans at 0.5 °(2θ)/ min around the (220) peak position were carried out and are presented in Fig. 2(b) . The peak splitting is clear at slower scan for alloys 'A' and 'C' though reflections did not resolve clearly in case of alloy 'B' to confirm the modulated structure. The additional peak positions in alloy 'B' matches with that of the secondary phase in case of alloy 'C'. Modulated martensite structure in Ni-Mn-Ga systems forms due to thermo-mechanical treatments in suitable compositions. Overlapping reflections in diffractograms either indicate a transitional stage from a non-modulated to modulated structure or the formation of very fine secondary phase unresolved in microstructure. Chemical composition variations via spinodal reactions during B2'→ L2 1 ordering has also been reported in the Ni-Mn-Ga alloys 19 and may also cause the splitting of reflections. No sinusoidal compositional variations were however seen during compositional analysis of the alloys.
Thermal Analysis
The DSC thermograms obtained for the alloys investigated shows the exotherms during cooling and endotherms during heating cycles (Fig. 3 ). These events are attributed to structural martensite transformation and reverse transformation to austenite, respectively. The observed transformation temperatures (martensite start T ms and finish T mf and austenite start T as and finish T af temperatures) as well as the transformation enthalpies from the thermograms are shown in Table 2 . Measurements from the previous report 6 , wherein the Fe-substitution was intended for Ni have been included for comparison. The martensite transformation temperatures increase from alloy 'A' to alloy 'B', i.e. from 2.5 per cent Fe to 5 per Fig. 4(a) shows the room temperature magnetisation (M-H) curves of the alloys. The alloy "B" showed a twostage behaviour in the middle segments in both first and third quadrant of the curve. The alloy 'C' with a two phase microstructure showed a hysteresis, but magnetisation curve did not show two-stage behaviour. The saturation magnetisation (M s ) values obtained were 30.66 emu/g, 33.83 emu/g, 53.68 emu/g and 22.93 emu/g for alloys 'A', 'B', 'C' and 'D', respectively. The room temperature measurements for the alloys are nearer to their Curie temperature. Considering the mixed-phase structure and thermal disturbances around Curie temperatures, low-temperature measurements below the martensite transformation temperatures were taken at 173K. The results of such measurements are presented in Fig. 4(b) . All the curves at low temperatures showed a well defined hysteresis commensurate with the anisotropic martensite phase. The saturation magnetisation values at 173K for alloys 'A', 'B', 'C' and 'D' are 47.76 emu/g, 37.18 emu/g, 63.92 emu/g and 39.29 emu/g, respectively. The alloys 'B' and 'D' show comparable magnetisation, with alloy 'B' showing a lower magnetisation rate and thus higher anisotropy.
Magnetic and Thermomagnetic Measurements
The thermomagnetic M-T measurements for the alloys are shown in Fig. 5 . The alloys 'A' and 'D' show a fall in magnetisation to sero i.e. to a paramagnetic state. Alloy 'B' shows a rise in magnetisation with increasing temperature prior to a fall due to paramagnetic (Curie) transitions. The saturation magnetisation of martensite phase is normally higher than that of the corresponding austenite phase. However, these phases are more anisotropic than their cubic counterparts and the rise in specific magnetisation at low biasing field with increasing temperature is attributed to the martensite-to-austenite transformation. The alloy 'C' showed three transitions; a rise in magnetisation around 250-275 K, an intermediate fall in magnetisation around 275-325 K and final transition to a paramagnetic state 375-440 K. In view of the two phase structure these stages show two martensite to austenite transformations, Curie transition of the austenite phase and the Curie transformation of the second phase, respectively. The martensite transformation cent Fe in line with increasing e/a ratio. These values are lower for alloy 'C'. In addition, alloy 'C' showed a transformation enthalpy value of 2.67 J/g, which is much lower than that of the other alloys. In view of the twophase structure of the alloy (Fig. 1(c) ), this value appears to be lowered due to contributions of transformation enthalpy from only one of the two phases. Extended thermal scans up to the instrument limits (673 K) were carried out and did not however reveal the transformation peaks for the second phase in the case of alloy 'C'. 6 temperatures obtained in our thermo-magnetic measurements for the alloys 'B' and 'C' are comparable to those observed through DSC. Figure 6 shows the room temperature spectra of the alloys investigated. The spectra obtained with counts exceeding 8 x 10 5 shows the Mössbauer absorption fraction limited to about 1.5 per cent. Similar Mössbauer fractions have been reported earlier for Ni-Mn-Ga alloys 6 . The low fractions have contributed to a higher scatter to the obtained spectra, specially at the lowest Fe content of 2.5 per cent, though the scatter is lowered at higher Fe. As the sampling data space is reasonably large, the obtained scatter is not attributable to the instrument, data collection, but to a lower recoil-free fraction of the incident photons. The recoil-free fraction of the absorption is a factor of various material-dependent parameters, such as the lattice vibrations, i.e., phonons, Debye temperature 17 . The Ni-Mn-Ga alloys show Debye temperatures of the order of 383-400 K, almost independent of compositions 20 . These alloys have a singular lattice dynamic behaviour showing softening of the TA 2 branch phonons around ξ = (1/3, 1/3.0) on cooling, and thereby, displaying a phenomenon commonly referred as pre-martensite phenomenon 21 . It appears that low recoil-free fractions are material characteristics and could have been overcome using enriched Fe. Natural Fe was used while preparing our alloys; however, the obtained absorption spectra could be reasonably analysed using least square fit to understand the underlying pattern for the alloys. The spectra could be de-convoluted to a sub-spectrum of a doublet and a sextet in case of alloys 'A' and 'B', and into a doublet and two sextets in case of alloys 'C' and 'D'. The calculated fitting curves are also shown in Fig. 6 . The Mössbauer parameters derived from the observations and fitting parameters are compiled in Table 3 . Alloy 'A' shows the presence of a ferromagnetic sextet and a paramagnetic doublet. The paramagnetic contribution of the spectrum goes down on increasing the Fe content to 5 per cent (alloy 'B'). The spectrum for a second ferromagnetic sextet is seen either at higher Fe content of 15 at per cent for both two phase alloy 'C' as well as the single phase alloy 'D'. For a comparable substitution of 5 per cent Fe, alloy 'D' with Fe substituting for Ni showed larger fraction of paramagnetic fraction.
Mossbauer Experiments

RESULTS AND DISCUSSION
The stoichiometric alloys Ni 2 MnGa has an L2 1 structure (Fm3 -m) at higher temperature with unit cell showing four formulae unit with 8 Ni-atoms at the centres of the quartets and Mn and Ga-atoms arranged alternating at the edges. Martensite structures have been derived from the L2 1 structure in tetragonal or orthorhombic systems for various modulated/ non-modulated martensites 22 . X-ray diffraction patterns for Mn-rich Ni 1 Gallium addition is reported to lower Curie temperature in ternary Ni-Mn-Ga alloys 18 . Placement of Fe at Ga site is consistent with this observation as well as with the reports of excess Mn in Mn-rich ternary alloys placed at Ga sites 23 . The fall in paramagnetic contribution signifies that while majority of Fe at 2.5 per cent Fe levels is placed at Ga-sites, further placement of Fe is at different sites. Values of hyperfine field for 57 Fe at the Ni, Mn and Ga sites in ferromagnetic Ni 2 MnGa structure at room temperature are reported as 8.6, 14.6 and 14.5 T respectively 13 . The presence of Fe giving spectra with hyperfine field values 18.5 and 17.0 T shows the placement of the contributing Fe atoms at Mn sites in case of alloys 'A' and 'B'.
The x-ray diffraction pattern for alloy 'B' with a single-phase structure was indexed to a single-phase martensite except for un-indexed peaks marked with * in Fig. 2(a) . As pointed out earlier, these peaks can occur due to various reasons such as a chemical modulation (modulated super period 5M martensite), spinodal type phase separation or a different chemical species. The possibility of a different phase structures should be considered in conformity with peak position for the alloy 'C'. The alloy 'C' had shown the presence of a second phase with a matrix containing 10 per cent Fe. With about 10 per cent Fe soluble in the Ni 50 Mn-30 Ga 20 in the matrix phase, single-phase structure of the alloy 'B' appears to be in order. The heat treatment imparted in this study is water quench following homogenisation at higher temperature. In absence of the detailed phase diagrams for the alloy system, the possibility of the alloy passing through a two phase field region in the intermediate temperature range can not be completely ruled out. The Mössbauer spectrum for the alloy 'B' however could not be fitted into 3 sub-spectra patterns. The extra x-ray diffractogram reflection between M(222) and M(400), if assigned to a second phase, should have given a different Mössbauer spectrum sextet in a more sensitive technique to Fe atoms. In the absence of evidence of Fe in a different chemical environment, the possibility of a second phase is ruled out. The satellite peak to (220) peak reflection in case of alloy 'B' therefore suggests a modulated martensite phase in its formative stages, resulting in overlapped peaks in the diffractograms. The broadening of other martensite reflections compared to that for alloy "A" has to be viewed in the context. Alloy 'C' with 15 per cent Fe replacing Mn in the base composition is a two-phase alloy (Fig. 1(c) ). The analysed phase compositions revealed the matrix phase to be Ni 50 Mn 30 Ga 20 type with about 10 per cent Fe replacing the Mn. Fe additions beyond the solubility limit formed a second phase rich in Ni and Fe. Martensite transformations in DSC and M-T curves and first Curie transition in M-T curve can be assigned to the matrix phase based on its composition.
The second Curie transition at higher temperature is assigned to the second phase. Transformation The presence of sextet in alloy 'D' corresponding to Fe placement at Ni sites may similarly be related to a Ni-lean composition. It may be noted that previous report 6 for Ni 40 Fe 10 Mn 30 Ga 20 had shown one sextet for Fe placed at Mn-sites in an alloy much leaner in Ni. It may however be noted that the heat treatment imparted in the earlier study was for a higher temperature, lower duration treatment as compared to that in the present study. Quenching from higher temperature has been reported to lower intermediate martensite transformation temperatures by affecting the L2 1 order degree 26 . A lower temperature heat-treatment around the ordering temperature could have helped in forming the ordered structure with Fe placed at different sites. The ferromagnetic subspectrum corresponding to Fe placement at Mn sites in an Ni-lean compositions however cannot be explained only by the constitutional vacancies as our compositions are Mn-rich compositions. It may be pointed out here that the atomic sizes of constituent atoms in Ni-MnGa alloys decrease from Ga to Mn to Ni (1.81 Å, 1.79 Å and 1.62Å for atomic radii and 1.17 Å, 1.17Å and 1.15 Å for covalent radii, respectively). Fe atom placement therefore follows the order of atomic sizes from larger space to smaller space.
An increase in transformation temperatures is noticed from Fe levels of 2.5 at per cent to 5 at per cent, however the transformation temperature has fallen drastically at higher Fe levels of 15 per cent. Ternary Ni-Mn-Ga alloys with e/a ratio of 7.7 are reported to possess a modulated martensite structure at room temperatures 27 and the transformation temperatures were expected to rise with an increase in e/a ratio, i.e., the Fe content. In view of the two-phase structure, meaningful correlations are not possible for the alloy 'C' with the average e/ a ratio. The average e/a ratio for the matrix phase analysed to be Ni 49.09 Fe 10.32 Mn 19.74 Ga 20.85 works out to be 7.77 and should have shown moderate transformation temperatures. It may be noted that a higher e/a ratio indicates that an increased density of state at Brilloiun zone imparting increased martensite stability. The alloy 'C' has shown the presence of Fe in three different sites in the Mössbauer spectrum with one ferromagnetic sextet assignable to both the matrix and the secondary phase. The actual density of states in such a case would be completely different in the matrix phase than any e/ a ratio assignment. The lower martensite stability in case of high e/a ratio alloy 'C' is indicative of a different chemical environment prevailing in the alloy than the low Fe alloys.
Alloys 'B' and 'D' with 5 per cent Fe substituting for Mn and Ni, respectively in formulae have shown comparable martensite transformation temperatures withiñ 3K. Based on a higher e/a ratio, the expected martensite transformation temperatures for the alloy 'B' were expected to be higher than those observed. Placement of Fe at Ni-sites for alloy 'D' as compared to that on Mn-sites for alloy 'B' shows different chemical environments modifying the density of state in a different fashion for lowering of the transformation temperatures.
Increase in saturation magnetisation at room temperature is evident with increasing Fe, i.e., going from alloy "A" to 'C'. Both the alloys 'B' and 'D' contain 5 atom per cent Fe, however the saturation magnetisation of alloy B is higher than that for the alloy 'D' and supports the earlier report 6 29 . A fall in magnetisation in ternary alloys is reported on either side of the stoichiometric composition due to dilution effect on one side and change of coupling from ferromagnetic to anti-ferromagnetic on the other side. The structure of the alloys revealed through x-ray diffraction has suggested a transition in Fe sites after the alloy "A". As Fe-atoms are present at different sites, a combination of the dilution and modified inter-atomic coupling behaviour will change the magnetisation values in the manner observed. The magnetic measurements therefore were consistent with Fe atoms at magnetically different sites. Small amounts of hysteresis present in the alloys suggest the presence of anisotropic phase, viz., the martensite phase. As the alloys have displayed the anisotropic martensite structure, observed non-zero values of quadrupole splitting in all the sub-spectra confirms such anisotropy for Fe sites. With four chemical species present in the alloys, the Fe nuclei at different positions are in different chemical environments reflected in the isomer shift values. 
CONCLUSIONS (i) Ni
